We experimentally demonstrate dispersion compensation using a silicon-based optical phase conjugator. We achieve simultaneous transmission of four dense wavelength division multiplexing (DWDM) channels spaced at 100 GHz and operating at 10 Gbits/ s over 320 km of standard fiber. The measured power penalty at bit error rate of 10 −9 is less than 0.3 dB.
In recent years, rapid progress has been made in developing various photonics building blocks in silicon. In particular, nonlinear optical effects such as fourwave mixing (FWM) have been successfully applied in silicon waveguides to demonstrate wavelength conversion [1] [2] [3] . By integrating a p-i-n diode structure into the silicon waveguide to reduce nonlinear losses resulting from the high optical power density, efficient wavelength conversion can be achieved [1] . The converted signal represents the optical phase conjugation (OPC) of the original input signal [4] . When placing the OPC in the middle of a fiber transmission link to invert the spectrum of the high-speed signals, the spectral components that travel slower in the first half-span become faster in the second halfspan and vice versa, thus compensating for accumulated phase shifts between the spectral components. Using this technique we have previously reported dispersion compensation for a single wavelength channel [5] . Here, we demonstrate the simultaneous dispersion compensation of four dense wavelength division multiplexing (DWDM) channels spaced at 100 GHz and operating at 10 Gbits/ s over 320 km of fiber by silicon OPC with negligible cross-talk and power penalty. Silicon-based OPC is advantageous over previously proposed nonlinear optical media such as periodically poled lithium niobate (PPLN) [6] and semiconductor optical amplifier (SOA) [7] in terms of cost, reliability, room temperature operation, and integration potential with other siliconbased photonics devices.
The experimental setup is shown in Fig. 1 . The four distributed feedback (DFB) laser transmitters on the 100 GHz International Telecommunication Union (ITU) grid (channels 33-36: 1550.92-1548.51 nm) are combined through a multiplexer and sent into a Mach-Zehnder optical modulator (MZM). The data format is nonreturn to zero (NRZ) at a rate of 10 Gbits/ s and the pseudo-randombit-sequence length is 2 31 − 1. The signals propagate through 160 km of standard single mode fiber (SSMF) during which the data between the four channels become decorrelated with respect to one another as they all suffer chromatic dispersion in the fiber. The signals then pass through a band selective filter (BSF) that removes out of band amplified spontaneous emission (ASE) from the amplifiers erbiumdoped fiber amplifiers (EDFAs). The BSF consists of a four-channel DWDM demultiplexer/multiplexer module that separates the four channels, filters out the ASE outside the channels, and recombines them. The multiplexed signals are then combined with a pump laser and the combined beam is coupled into the silicon p-i-n waveguide through a lensed fiber. The coupling loss is measured to be 4 dB. For optimal conversion efficiency, the polarization of each signal is aligned with that of the pump before the silicon OPC. The pump power inside the waveguide is around 600 mW, which corresponds to an intensity of 37.5 MW/ cm 2 . The pump laser's wavelength is set to 1552.12 nm, which is between channel 31 and 32. This choice for the pump wavelength eliminates the noise caused by interchannel cross-talk as will be explained later. To reduce the free carrier absorption in the silicon waveguide, we apply a 25 V reverse bias to the p-i-n diode. Optical phase conjugates of the four input signals are generated in the silicon waveguide at channels 27-30 ͑1555.75-1553.33 nm͒ on the 100 GHz ITU grid via degenerate four-wave-mixing process. The original signals, the pump and the OPC signals, are then coupled into the output lensed fiber. The pump is suppressed by an add/drop filter and the OPC signals are isolated from the original signals and remaining pump using another BSF. The OPC signals then propagate through the second half of the 320 km span, i.e., another 160 km fiber. The dispersion accumulated in the first half-span is therefore compensated in the second half-span due to the spectral inversion. Four individual bandpass filters (BPFs) are used to eliminate the out-of-band ASE and isolate the recovered signals before sending them to either a digital communication analyzer (DCA) or to a bit error rate (BER) tester.
While the desired OPC signals are generated in a degenerate FWM process involving two photons from the pump and one photon from the input signals, there are other nondegenerated FWM products involving one photon from the pump and two photons from the signals of different channels. Although these signals are much weaker, they can fall right on the desired OPC signal channels if the frequencies of the pump and the original signals are spaced equally, generating channel cross-talk, as illustrated in Fig.  2(a) . To avoid such cross-talk, we detune the pump by half the channel spacing [ Fig. 2(b) ], so the nondegenerate FWM products now fall in between the OPC signals and can be filtered out using ordinary DWDM filters. Figure 3 shows the optical spectrum (resolution of 0.1 nm) at different locations in the system. The top trace shows the four original signals right after the modulator. The middle trace shows the original signals, the pump, the OPC signals and some unwanted FWM products after the silicon chip and the add/drop filter which attenuates the pump. While the original channels are spaced by 100 GHz, we place the pump 150 GHz away from channel 33. This causes the nondegenerate FWM product to fall in between the 100 GHz DWDM channels instead of directly right on top of it, which significantly reduces the channel cross-talk. The bottom trace shows the OPC signals after passing through the BSF. These signals are about 40 dB above the background noise level. The BPFs in front of the receiver further suppress these cross-talk products for the BER and eye diagram measurements. In the case of ultradense channel spacing and high data rate, however, such unwanted spectral components falling in between the channels may eventually limit the spectral efficiency of the system.
The BER measurements for each of the four OPC signals (channels 27-30) after 320 km transmission are plotted in Fig. 4 . The lower left inset shows the eye diagrams for the four input channels (back-to-back). The upper right inset shows the eye diagrams for the OPC signals after propagating through 320 km. As can be seen from Fig. 4 the eye diagrams after dispersion compensation are well re- covered and wide open. The signal-to-noise ratio (SNR) is slightly reduced from 15.7 to 12.7 on average. The lower right inset shows the effect of dispersion on a signal after transmission through 160 km of SSMF without dispersion compensation.
In this work, we selected four DWDM channels to demonstrate the capability of this technique for multichannel dispersion compensation. We have previously shown that a 3 dB conversion bandwidth of Ͼ30 nm is achievable using silicon-based OPC [1] . However, there will be a trade-off between bandwidth and conversion efficiency. By properly choosing the waveguide cross-sectional dimensions, higher conversion efficiency and wider bandwidth are expected [8] .
With such improvements to the silicon OPC, we believe that this technique could be used to compensate dispersion for multiple DWDM channels simultaneously over the whole C-band with a single device. Compared with multichannel dispersion compensation demonstrated using PPLN-based OPC [6] , silicon waveguide-based devices are advantageous as they can operate at room temperature and are not subject to photorefractive damages. SOA-based OPC [7] , on the other hand, has higher conversion efficiency, but the channel cross-talks due to cross gain or phase modulations are major concerns when used for multichannel operations.
We have proposed a silicon waveguide based dispersion compensation method using the optical phase conjugation effect, and have experimentally demonstrated the simultaneous transmission of four DWDM channels spaced at 100 GHz and operating at 10 Gbits/ s data rate over 320 km of standard fiber. We measured the BER and obtained a power penalty of less than 0.5 dB at BER= 10 −11
. We believe that a silicon OPC-based dispersion compensation technique could provide a viable low-cost alternative to the currently existing dispersion compensation techniques.
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